Abstract. A general-purpose useful parameter in data analysis is the intrinsic dimension of a data set, corresponding to the minimum number of variables necessary to describe the data without significant loss of information. Feature extraction, including linear or nonlinear mapping technique, is efficient to estimate the intrinsic dimension of the data set, which is a key issue to machine fault diagnosis. This paper presents a novel application of feature extraction using the nonlinear mapping technique called curvilinear component analysis (CCA) for gear failure detection. In the approach high-dimensional data are nonlinearly projected toward an output space with dimension equal to the intrinsic dimension. Hence, enough information is remained to describe correctly the original data structure, and feature extraction based on CCA reduces dimensionality of the raw feature space for machine failure detection. Gearbox vibration signals measured under different operating conditions are analyzed using the technique. The results indicate that the intrinsic dimension of the data set is estimated and a 2-D subspace is extracted by the CCA technique, then the high-dimensional original feature data are projected into the 2-D space and form several clustering regions, each indicative of a specific gear condition, respectively. Thus, the gear operating conditions including normal, one cracked tooth, and one broken tooth are classified and detected clearly. It confirms that feature extraction based on the nonlinear mapping is very useful and effective for pattern recognition in mechanical fault diagnosis, and provides a good potential for applications in practice.
Introduction
A gearbox transmission system is one of the fundamental and most important parts of machinery employed in industrial sectors worldwide, in which gear plays a critical role. It is found that 60% of gearbox damage is due to faults in the gears [1] . If failures occur to any gears during operating conditions, the faulty gearbox system would result in serious damage or entire system halt. Hence, gear failure detection is crucial so as to prevent the system from malfunction. Up to now, fault diagnosis of industrial gearboxes has been studied intensively for several decades. Many investigations have been carried out to diagnose the performance of industrial gearboxes. Various approaches including conventional or innovative techniques have been applied. Sometimes they are well-established industrial practices. In case where the process can be represented by a suitable dynamic model in the form of state-space, model-based signal detection and estimation approach can be well applied. Besides, non-model-based methods such as fault tree, pattern recognition, and artificial neural networks are also used. Among those methods, pattern recognition provides a systematic approach to acquire knowledge from fault samples. In fact, mechanical fault diagnosis is essentially a problem of pattern recognition, in which feature extraction plays an important role.
Features are any parameters extracted from the measurements for real-world industrial process through signal processing in order to enhance failure detection. The variables to measure are usually selected according to some heuristics or experience about the problem. Nevertheless, this selection can be somewhat arbitrary, including the number of variables to measure, which is usually fixed with a certain error margin in order to ensure capturing all the necessary diagnostic information because the random noises in an industrial environment degrade the signal-to-noise ratio greatly. Hence, features are often computed as many as possible, which will lead to situations where several features provide the same information, while some other features don't provide any useful information at all. The additional burden of computation on these features may increase the learning cost and affect real-time application of failure detection. Therefore, determining the minimum number of state variables needed to characterize a process, then feature extraction reducing the dimensionality and extracting an optimal subspace from the raw feature space is critical to the success of failure detection. There are numerous methods for feature extraction in the field of pattern recognition. In many situations, measured variables are linear or non-linear mixings of state variables. If the mixings are linear, well-known techniques such as independent component analysis and principal component analysis (PCA) can be used. However, without any information about the process a more general method is needed. For the purpose a study is presented in this paper, which uses the nonlinear mapping technique known as curvilinear component analysis (CCA) [2, 3] , to realize feature extraction for gear failure detection. Gearbox vibration signals are analyzed. The results indicate that the method extracts an optimal feature subspace effectively for gear failure detection and has a good potential for applications of fault diagnosis in practice.
Feature Extraction Based on Nonlinear Mapping
The Nonlinear Mapping Technique CCA. Often, one has to face the problem of dealing with huge numerical databases. These databases consist in numerous samples defined in a high-dimensional space. One way to make huge database more manageable is to project it into a low-dimensional space (say, mapping a n-D space into a p-D one, p<n). The optimal linear mapping method to project such a database is the PCA but without nonlinear capabilities. CCA, similar to other nonlinear mapping methods such as multidimensional scaling and Sammon's nonlinear mapping in its goal of reducing the dimensionality and detecting the nonlinear dependencies between the features in the high-dimensional database, minimizes the error function as Eq. 1
(
where n j i d , is the Euclidean distance between vectors i and j in n-D space and
The goal of CCA is to force
d , for each possible pair (i, j). In other words, CCA tries to reproduce the database topology from the initial n-D space to a p-D space. Here, the word topology means the distances between all pairs of vectors in the database. When the dependencies in the database are not linear, a perfect reproduction of all distances is not possible, in this case, F acts as a weighting function giving more importance to reproduction of small distances, that is, CCA tries above all to preserve the local topology of the database, reproducing global topology only when possible. More details about CCA can be found in [2] .
Intrinsic Dimension. Assume that x i is a set of n-D input data vector. The intrinsic dimension is defined as the smallest number p of variables that are needed to describe the data set without any significant loss of information. Using CCA, these variables can be chosen on curvilinear axes. As an example, considering the distribution shown in Fig. 1 , which can be described using two state variables: one corresponds to the linear vertical axis, and the other one is a curvilinear axis. The estimation of the intrinsic dimension is based on the assumption that, when the data set is projected on a space with dimension greater or equal to the intrinsic dimension, there remains enough information to describe correctly the data structure. On the contrary, when the data are projected on a space whose dimension is smaller than the intrinsic dimension, there is a loss of information characterized by the deformation of the global topology, which can be measured through the increase of error calculated in Eq.1 [3] .
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Fracture and Damage Mechanics V Feature extraction. The intrinsic dimension of the input space corresponding to the minimum number of state variables is estimated. Then the high-dimensional input data can be projected into the space with the dimensionality equal to the intrinsic dimension, and feature extraction for further analysis can be realized.
Application in Gear Failure Detection
Extensive gear fatigue experiments were conducted on an experimental setup containing a 2-stage reduction gearbox system [4] , one having a gear ratio of 26:43 and a module of 4.25mm with a pitch angle of 18 degrees, and the other having a module of 5 mm and a pitch angle of 14 degrees with 24 and 36 teeth. An acceleration sensor was mounted externally on the outer case of the gearbox. The vibration signals were anti-aliased and fed into a charge amplifier before being sampled at 12.5 kHz. A total of 75 raw vibration signals were collected when the gearbox working under three conditions, normal, a crack in one tooth root and the cracked tooth broken, in which there were 25 signals per condition. The total signals then were divided into 2 data sets: data set 1 consisted of 60 raw vibration signals (20 per condition) for training, and data set 2 consisted of 15 (5 per condition) for testing. It is known that one of the major reasons for gear failure is excessive vibration, and the vibration signals can reflect symptoms of many faults or defects. Thus vibration signals form a multivariate feature space, and the time domain provides a useful feature set for fault diagnosis of gearbox. Many features are acquired through gear vibration analysis. Among them only seven time domain feature parameters, including standard deviation, absolute mean value, crest factor, impulse factor, clearance factor, root mean square value and kurtosis were used as raw feature set for gear failure detection. The projection of these features into 1-D to 7-D spaces gives the errors presented at Table 1 . Noticed from the table that a non-significant loss of information occurs when the data are projected on a space of dimension two; it is clear that the intrinsic dimension of the data set is two. Error 0.40 2.54e-3 7.67e-5 4.2e-6 5.78e-8 2.76e-10 3.46e-32 Table 1 The errors for projection of features into 1-D to 7-D spaces.
Then sixty 7-D features were nonlinearly mapped into the space with the dimensionality equal to the intrinsic dimension two using CCA. The results are shown in Fig. 2(a) , where the projected points of gear feature data under normal, tooth cracked and tooth broken conditions are denoted by circle, triangle and diamond signs, respectively. Noticed clearly that 3 clusters are formed, where cluster 1 denoted by circle indicates the normal condition, cluster 2 denoted by triangle indicates the gearbox condition with a cracked tooth, and cluster 3 denoted by diamond indicates the condition with a broken tooth. Hence it can be observed that three conditions of gearbox are distinguished clearly from each other according to the distribution of the projected points. Then fifteen 7-D feature data were tested and the results were displayed in Fig. 2(b) , where solid signs represent the image points of feature data in data set 2. As can be seen, solid circle are distributed in the region represented by circle indicative of the normal condition, solid triangle are distributed in the triangle region indicative of the cracked tooth condition, and solid diamond in the diamond region indicative of the tooth broken condition. It is very efficient to detect different gear failures. 
Summary
Feature extraction based on the CCA method has been developed for gear failure detection. In the approach high dimensional raw feature sets are nonlinearly projected toward an output space with dimension equal to the intrinsic dimension of the data set. Hence, enough information is remained to describe correctly the original data structure after feature extraction. Gearbox vibration signals measured under normal, tooth cracked and tooth broken conditions are analyzed. The results prove that, the intrinsic dimension of the original feature data is estimated, and a 2-D feature subspace is extracted by the CCA technique. The high-dimensional feature data then are projected into the 2-D space and form several clustering regions, each indicative of a specific gear condition, respectively. Different gear failures are classified and detected clearly according to the distribution of the projected feature data in the 2-D space. Therefore, the feature extraction method is efficient for gear failure detection, and has great potential for fault diagnosis of industrial gearboxes in the future.
